Introduction
============

Insect age directly affects behavior, vectorial capacity, reproductive output, as well as insecticide detoxification and susceptibility. Under normal circumstances, age largely dictates the progression of tasks a honey bee worker performs for the colony by way of a juvenile hormone regulatory mechanism ([@ref-9], [@ref-9]; [@ref-18], [@ref-18]). As adult bees age, they transition from nursing young larvae, cleaning brood cells and building wax comb, to storing pollen and nectar, defending the entrance, and ultimately foraging for nectar and pollen outside of the colony. This stereotyped progression of behaviors is highly plastic, and disturbances to colony demography, food availability, and seasonal changes may induce reversions between behavioral states ([@ref-18], [@ref-18]). The transition from nurse to forager accompanies an extensive physiological rearrangement and dramatic increases in metabolic rate ([@ref-2], [@ref-2]; [@ref-3], [@ref-3]). From a toxicological perspective, honey bee age affects insecticide sensitivity ([@ref-17], [@ref-17]). Therefore, insecticide exposure may induce a demographic shift in the colony. Detecting changing demography in the colony provides a new way to interpret field-based studies on honey bee health and insecticide sensitivity.

Many methods exist for age determination in insects such as measuring ovarian follicle characteristics, counting cuticular bands, grading amount of fat body, and cuticular degradation ([@ref-5], [@ref-5]). However, most of these methods are tedious, do not allow processing many samples, based upon a single sex, and have limits of age determination. The use of pteridines to determine the age of an insect drastically reduces these limitations.

In 1891, pteridine pigments were first identified in butterfly wings ([@ref-6], [@ref-6]). Pterdines consist of fused pyrimidine and pyrazine ring byproducts of purine metabolism, which are important for excretion, body coloration, and eye pigmentation ([@ref-23], [@ref-23]; [@ref-25], [@ref-25]). These pteridines accumulate with age, allowing accurate age determination by measuring pteridine concentration. The use of pteridines in aging has recently been evaluated in other insects, such as the ant, *Polyrhachis sexpinosa* ([@ref-19], [@ref-19]), and pink-spotted bollworm, *Pectinophora scutigera* ([@ref-14], [@ref-14]). Using pteridines to determine insect age has been studied in a number of Dipteran species in which light intensity, sex, and temperature may affect the relationship of pteridines with age ([@ref-20], [@ref-20]). However, an attempt to use pteridines to determine the age of the eusocial Hymenopteran ant, *Polyrachis sexpinosa*showed that only head weight, but not pteridine concentration were correlated with age ([@ref-19], [@ref-19]). To date, no published methods use pteridines to estimate bee age. Here, we report on using head pteridine concentration and head weight to determine the age of nurse and forager bees.

Materials and Methods
=====================

Honey bees
----------

Frames of emerging brood were removed from colonies of Italian bees (*Apis mellifera ligustica*), cleared of all adult bees, and then placed in wooden enclosures (60 cm L × 15 cm W × 45 cm H) with wire mesh on the wide faces of the box. Frames were stored at 33 ± 1 °C with \>70% RH in continuous darkness. The next morning, newly emerged bees were brushed off of the frames into a plastic tub (50 cm L × 40 cm W × 15 cm H) with a thin layer of petroleum jelly around the rim. Individual bees were marked with a dot of enamel paint (Testors, Vernon Hill, IL, USA) on the thoracic dorsum with a paint brush to identify bees of a known age.

To distinguish if pteridine accumulation was different between nurses and foragers, we set up Single-Cohort Colonies (SCCs) by housing more than 2,000 marked newly emerged bees in a five-deep frame nucleus box with one frame of honey and pollen, one frame of brood, and three frames of empty drawn out comb ([@ref-1], [@ref-1]). Each SCC was headed by an Italian queen (Wooten's Golden Queens, Palo Cedro, CA, USA). The SCCs were stored at the environmental conditions mentioned above for 5 days, then placed in an apiary at the USDA-ARS Honey Bee Breeding, Genetics, and Physiology Research Unit in Baton Rouge, LA. Four SCCs were constructed from four independent batches of emerging brood from six source hives. A sample of three nurse bees and three forager bees were collected every 3--5 days until 42 days of age. Nurse bees were collected as they were actively nursing young larvae on brood comb. We were unable to collect nurse bees after 35 days. The entrances to the SCCs were blocked to collect returning foragers. A total of 390 bees were evaluated in the SCC study. Bees were frozen at −80 °C until pigment extraction later that same day.

For experiments in colonies with normal demography, marked bees were returned to the four respective colonies consisting of four deep boxes of brood and honey and approximately 30,000 worker bees. Nurse and forager bees were collected as above up to 38 days of age. A total of 125 bees were collected from colonies with normal demography.

Pteridine extraction
--------------------

Pteridines were extracted according to previously published methods ([@ref-19], [@ref-19]). Frozen bee heads were removed with a scalpel. Individual heads were weighed to the nearest mg and placed in a 1.5 mL tube on ice. A 0.5 mL volume of chloroform:methanol (2:1 v/v) was added to each tube. Heads were ground with a plastic pestle for 30 s. Samples were sonicated using a Q125 Sonicator (QSonica, Newtown, CT, USA) at 5 W for 15 s. Samples were placed on ice for \>1 min, then sonicated for another 15 s. Tubes received 0.75 mL of 0.1 N NaOH (adjusted to pH 10 with 11.5 g/L glycine). All tubes were vortexed for 10 s then centrifuged for 5 min at 5,000× g at 4 °C. The 0.75 mL supernatant was saved and used for fluorescence determination. Pteridine fluorescence was measured with excitation at 355 nm (5 nm slit) and scanned in the emission spectra from 365 to 500 nm based on previously published methods ([@ref-19], [@ref-19]) on a Horiba FluoroMax fluorometer (Horiba Scientific, Kyoto, Japan) and the peak intensity was recorded. The ng of pteridines in the sample was calculated based on a standard curve of 6-biopterin ([@ref-13], [@ref-13]). The ng of pteridines was standardized by head weight (ng pteridines/mg head weight).

Statistical analysis
--------------------

All statistics were performed with JMP (SAS Institute, Cary, NC). All data were tested for normality. In order to determine the correlation between age and pteridine concentration, a linear regression analysis was performed. The slope of pteridine concentration for nurses and foragers was compared with a Student's *t*-test. Total pteridine concentrations were compared between nurse and forager bees using Chi-Square analysis. The rate of increase was compared between nurse and forager bees using linear regression analysis.

Results
=======

Single cohort colonies
----------------------

Pteridine concentration significantly increased in a linear manner with age for all bees (*df* = 390, *F* = 19.96, *p* \< 0.0001, *R*^2^ = 0.045, [Fig. 1A](#fig-1){ref-type="fig"}), nurses (*df* = 212, *F* = 7.66, *p* = 0.0061, *R*^2^ = 0.035, [Fig. 1B](#fig-1){ref-type="fig"}), and foragers (*df* = 178, *F* = 4.94, *p* = 0.0275, *R*^2^ = 0.027, [Fig. 1C](#fig-1){ref-type="fig"}) from SCCs. Comparison of pteridine concentrations between nurses and foragers showed that foragers possessed significantly higher pteridine concentrations than nurses (*F* Ratio = 16.1, *p* ≪ 0.0001). The differences in pteridine concentrations between nurses and foragers became significantly wider with age (*R*^2^ = 0.37, *F* = 15.01, *p* = 0.001). However, there was no difference in the rate of increase in pteridine concentrations by comparison of the slopes for both nurses and foragers (*t* = 0.16, *df* = 71, *p* = 0.87), most likely due to the large error in the slopes.

![Linear relationship between bee age and pteridine concentration for all bees (A), nurse bees (B), and forager bees (C) from Single Cohort Colonies.\
Data are shown as average (±SEM).](peerj-04-2155-g001){#fig-1}

Head weight for all bees in SCCs was significantly correlated with age, but the relationship was best fit with a quadratic equation. Head weight increased until 28 days of age, then declined through day 45 ([Fig. 2A](#fig-2){ref-type="fig"}). The relationship between age and head weight was highly correlated (*R*^2^ = 0.70) and highly significant (*F* = 39.11; *p* \< 0.001) for all bees ([Fig. 2A](#fig-2){ref-type="fig"}). The relationship between age and head weight varied between nurses (*R*^2^ = 0.54) and foragers (*R*^2^ = 0.25), but remained highly significant in both cases (*F* = 16.18, *p* \< 0.001; *F* = 5.71, *p* = 0.007, respectively). Nurses had significantly higher head weight than foragers on days 8--16 ([Figs. 2B](#fig-2){ref-type="fig"} and [2C](#fig-2){ref-type="fig"}, *F* = 10.09, *p* ≪ 0.001).

![Quadratic relationship between bee age and head weight for all bees (A), nurse bees (B), and forager bees (C) from Single Cohort Colonies.\
Data are shown as average (±SEM).](peerj-04-2155-g002){#fig-2}

Total pteridine amount (ng pteridines not standardized by head weight) was significantly correlated with head weight from all bees from SCCs (*df* = 390, *F* = 14.10, *p* = 0.0002, *R*^2^ = 0.035, [Fig. 3A](#fig-3){ref-type="fig"}). This relationship was significant for nurses (*df* = 212, *F* = 4.68, *p* = 0.03, *R*^2^ = 0.021, [Fig. 3B](#fig-3){ref-type="fig"}) and foragers (*df* = 178, *F* = 11.09, *p* = 0.001, *R*^2^ = 0.06, [Fig. 3C](#fig-3){ref-type="fig"}).

![Linear relationship between head weight and pteridine amount for all bees (A), nurse bees (B), and forager bees (C) from Single Cohort Colonies.\
Data are shown as average (±SEM).](peerj-04-2155-g003){#fig-3}

![Linear relationship between bee age and pteridine concentration for all bees (A), nurse bees (B), and forager bees (C) from colonies with normal demography.\
Data are shown as average (±SEM).](peerj-04-2155-g004){#fig-4}

Colonies with normal demography
-------------------------------

Pteridine concentrations significantly increased in a linear manner for all bees in colonies with normal demography (*F* = 4.92, *p* = 0.044, *R*^2^ = 0.27, [Fig. 4A](#fig-4){ref-type="fig"}). Pteridine concentrations in nurse bees from colonies with normal demography significantly increased in a linear manner (*F* = 5.45, *p* = 0.036, *R*^2^ = 0.29, [Fig. 4B](#fig-4){ref-type="fig"}). There was no significant relationship between age and pteridine concentrations in foragers from colonies with normal demography (*F* = 0.94, *p* = 0.36, *R*^2^ = 0.13, [Fig. 4C](#fig-4){ref-type="fig"}). There was no difference in the slopes of the relationship between pteridines and age among nurses and foragers from colonies with normal demography (*t* = 0.11, *df* = 19, *p* = 0.91).

Head weight for all bees in colonies with normal demography was significantly correlated with age that was best fit with a quadratic equation. Head weight increased until 8 days of age, then declined through day 38 ([Fig. 5A](#fig-5){ref-type="fig"}). The relationship between age and head weight was highly correlated (*R*^2^ = 0.54) and highly significant (*F* = 7.04; *p* = 0.0095) for all bees from colonies with normal demography ([Fig. 5A](#fig-5){ref-type="fig"}). A similar significant quadratic relationship was seen in nurses (*F* = 10.88, *p* = 0.002, *R*^2^ = 0.64, [Fig. 5B](#fig-5){ref-type="fig"}). Head weight was not significantly correlated with age of foragers (*F* = 0.20, *p* = 0.82, *R*^2^ = 0.075, [Fig. 5C](#fig-5){ref-type="fig"}).

![Quadratic relationship between bee age and head weight for all bees (A), nurse bees (B), and forager bees (C) from colonies with normal demography.\
Data are shown as average (±SEM).](peerj-04-2155-g005){#fig-5}

Total pteridine amount (ng pteridines not standardized by head weight) was significantly correlated with head weight from all bees from colonies with normal demography (*df* = 124, *F* = 4.92, *p* = 0.028, *R*^2^ = 0.038, [Fig. 6A](#fig-6){ref-type="fig"}). This relationship was not significant for nurses (*df* = 86 , *F* = 2.37, *p* = 0.12, *R*^2^ = 0.027, [Fig. 6B](#fig-6){ref-type="fig"}) or foragers (*df* = 37, *F* = 1.47, *p* = 0.23, *R*^2^ = 0.039, [Fig. 6C](#fig-6){ref-type="fig"}).

![Linear relationship between head weight and pteridine amount for all bees (A), nurse bees (B), and forager bees (C) from colonies with normal demography.\
Data are shown as average (±SEM).](peerj-04-2155-g006){#fig-6}

Discussion
==========

Pteridine concentration significantly correlated with bee age, and our results suggest this method can be used to compare nurse and forager bees from colonies with altered demography. There was no difference in the pteridine concentrations between nurses and foragers in colonies with normal demography, but there was a significant difference between nurses and foragers in SCCs. Comparison of the type of colony used (SCC vs. Normal) showed a very significant effect (Standard Least Squares, Effect Leverage, *t* = 3.90, *df* = 82, *p* = 0.0002). We divided the forager results from the SCCs into two groups of bees: 14-days of age or less and 15-days of age or more based on the age when foragers appeared in colonies with normal demography at 15 days of age. Comparison of these groups showed a significant difference in pteridine concentrations between precocious foragers 14 days of age or less and normal aged foragers (Standard Least Squares, Effect Leverage, Least Squares Means Differences Student's *t*, *t* = 1.97, *p* \< 0.05). After a stress event perturbs the demography of a hive, precocious foraging likely initiates, and this method may easily detect precocious foraging and demographic shifts in a colony as simulated in SCCs.

In precocious foraging, younger honey bees, which typically nurse inside of the hive, begin foraging at an earlier age. This type of response usually results because of stressors such as pests, pathogens, poor nutrition, or environmental parameters ([@ref-15], [@ref-15]). Given the recent importance of colony declines to domestic bee keepers, determining precocious foraging in the field would be a beneficial tool to better understand the impact of these stressors.

Sex of the insect, ambient light intensity and temperature may affect pteridine concentrations ([@ref-20], [@ref-20]). Since all worker bees are female, as well as the low light conditions and relatively constant temperature within the colony ([@ref-21], [@ref-21]), these factors are largely controlled in this study. The exception is when foragers leave the colony. We found that foragers have significantly higher pteridine concentrations than nurses in SCCs. This may be the result of the much higher light intensity encountered by foragers outside of the colony as increased light intensity has been shown to increase pteridine accumulation in *Drosophila serrata* ([@ref-20], [@ref-20]). However, the lack of such a difference in colonies with normal demography suggests a complex regulation of pteridine concentrations in honey bees.

In this study, we used 6-biopterin as our standard in order to calculate concentration of pteridines from fluorescence. [@ref-24] ([@ref-24]) conducted HPLC recordings of fluorescent compounds in mosquitoes of different ages. Although they identified several pteridine compounds, 6-biopterin varied the most with age. [@ref-14] ([@ref-14]) also isolated 6-biopterin from pink bollworm moths at increasing ages. However, their results did not show a correlation with age. Although their use in age has not been evaluated in bees, biopterin has been isolated from bees ([@ref-16], [@ref-16]; [@ref-4], [@ref-4]; [@ref-12], [@ref-12]). Therefore, we are confident that use of 6-biopterin as our standard was an appropriate technique to estimate pteridine concentration in bees. However, future studies to isolate and quantify specific pteridines in bees via HPLC analysis should be considered.

The relationship of head weight with age varies less than the relationship of pteridine concentrations with age by comparison of the *R*^2^. However the quadratic nature of the relationship between head weight and age yields two date outcomes. In order to overcome some of these potential conflicts, any value that produces an age of \<0 can be ignored and the older date should be considered as the true age. The age as determined by head weight would be more accurate if other characteristics are considered such as amount of hair on the body, wing wear, body pigmentation, and the behavioral state of the bee when it was collected.

The pattern of the increase in head weight is likely due to the fluctuation in the size of the hypopharyngeal gland ([@ref-7], [@ref-7]). The hypopharyngeal gland grows in size upon emergence to allow nurses to produce brood food. The hypopharyngeal gland atrophies at the transition from nurse to other colony tasks ([@ref-10], [@ref-10]). The precocious foraging in our SCC set up showed that the behavioral state affects the head weight of bees ([Figs. 2B](#fig-2){ref-type="fig"} and [2C](#fig-2){ref-type="fig"}), suggesting that age alone is not the only factor affecting head weight. Head weight decreases in older nurse bees. Despite the fact the older nurse bees (\>21-days old) with lighter head weight (and presumably smaller hypopharyngeal glands) were actively nursing at the time of collection, it is likely these overage nurses are less effective at producing brood food with atrophied hypopharyngeal glands. Smaller hypopharyngeal glands have reduced rates of protein synthesis ([@ref-8], [@ref-8]). While overaged nurses (\>15 days-old) rear smaller adults with developed ovaries ([@ref-22], [@ref-22]), they have been associated with rearing queen larvae ([@ref-11], [@ref-11]).

Results of our study showed pteridine amount was significantly correlated with head weight ([Figs. 3A](#fig-3){ref-type="fig"}--[3C](#fig-3){ref-type="fig"} and [6A](#fig-6){ref-type="fig"}). Studies simply reporting fluorescence intensity values correlated with age fail to take into account the head weight variation of the insect. Therefore, determining the concentration of pigment in relation to head weight is critical to avoid biased pteridine measurements.

To date, this is the first study to evaluate the use of pteridine pigments in the aging of bees. While this study did not find a highly accurate correlation of pteridines with age that was comparable to studies in medically and forensically important insects, we do see the value in being able to evaluate the age structure of a colony, as well as the likelihood of precocious foraging. We also feel that future studies that compare various treatment and control groups in the field could utilize this type of analysis to compare overall age structures as an additional measurement of colony health.
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